We measured the transmission of radio signals through salt in the 'Unirea' salt mine (Slanic Prahova, Romania) at a depth of 208 m, in 3 frequency bands: around 200 MHz, 400 MHz and 800 MHz. We concluded that the higher ones are not suitable for radio detection of cosmic neutrinos. Estimates about the comparative radiowave attenuation after 10 m of propagation, to 100 m were made, at 200 MHz.
Introduction
High energy neutrinos are secondary particles that are products of interactions of super-GreisenZatsepin-Kuzmin cosmic-rays. Detecting high energy neutrinos would provide unique information about the production and propagation of the particles near and above the GZK cut-off [1] .
One indirect detection method for cosmic neutrinos was proposed by Askaryan [2] . He suggested that if a neutrino interacts within a volume of dielectric it will produce a broadband electromagnetic field (including radio frequencies) that can be measured. In order to compensate for the small interaction probability a huge volume of detecting material is required that is found in naturally occurring bulk of dielectrics, such as the salt domes.
In the specific case of a km 3 neutrino detector in a salt mine neutrinos are observed indirectly by measuring the radio emission generated by their interaction with the salt. As waves propagate in a non ideal medium before being measured by radio antennas it is impetuous to have first a good geophysical material description for radio wave propagation.
The attenuation of radio waves in salt mines is the first factor that determines: the geometry of a radio detector, the energy threshold of the detector, its resolution and the uncertainties in determining the cosmic neutrino characteristics [3] , thus accurate experimental measurements should be performed, and this is the purpose of this work.
We measured the transmission of radio signals through salt in the 'Unirea' salt mine (Slanic Prahova, Romania) at a depth of 208 m. The instrumentation and methods used are described in section 2. Section 3 presents preliminary results and discusses the implications of specific radio frequency instrumentation and phenomena. The last section summarizes the work and discuss further problems to be addressed.
Method and instrumentation
To measure the attenuation of radio waves in natural salt, 6 cylindrical holes (H1-H6) were drilled in a wall of the chamber. The thickness of the wall is more than 100 m, and there are more than 100 m of salt below and above the holes. The holes have been drilled parallel to each other, at the same height from the chamber floor, each hole having a total depth of 1 m, and a diameter of 75 mm. The distances between the holes H2-H6 and the reference hole (H1) were: 10 m, 50 m, 80 m, 90 m and 100 m (figure 1). The distances have been accurately measured using laser tape measure. The measurements were performed using a Vector Network Analyser 
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Results on salt radio attenuation length A.M. Badescu two ports. At each port were connected an emitter antenna (Tx) and a receiver one (Rx). The pairs of antennas used for transmitting and receiving the signals were produced by Kathrein, models K552628 (164−174 MHz -on short f 200 ), K737003 (360−430 MHz -f 400 ), K751161 (790960 MHz f 800 ), all omnidirectional dipoles. Antennas' heights were: 993 mm, 552 mm, and 348 mm. All ntennas had vertical polarization, input impedance of 50 Ω, and gains of 2 dBi. The cables used for connections to the input/output ports of the VNA were a high quality N type 50 Ohm impedance coaxial cable (EC 400 plus) of 1m length (transmitting port) and 100 m (receiving port). Other 2 coaxial cables (RG 58) of 1 m length each were used to interconnect the SMA input/output of the amplifier. The amplifier used was produced by Aaronia, model UBBV1, with a gain of about 40 dB in the 50 MHz−1 GHz band. The value of the gain at each frequency was extracted from the datasheet provided by the manufacturer.
We calibrated the VNA at the connections between the transmitter antenna feed point (point A on figure 1 ) and the end of the 100 m cable (point B on figure 1) using a 50 Ω Open, Short, Match, THRU series of a high precision standard calibration kit.
The frequency-dependent complex ratios S 11 ( f ) and S 21 ( f ) between the returned signal/ transmitted signal and the emitted signal was measured sequentially at 1601 evenly stepped operating frequencies in each nominal frequency band. The sweep time was set to 2 seconds to increase the accuracy of the measurements, and an averaging factor of 10 was chosen to improve the signal-tonoise ratio. The system had a transmission power of 10 dBm (i.e. 10 mW).
S−parameters are basically a means for characterizing n-port networks. In our measurement setup, port 1 is the transmitting port, and port 2 − the receiving port. If one considers the impedance normalized travelling voltage waves incident and reflected at port n, i.e. a n =
, with Z 0n being the characteristic impedance associated with port n (here equal to 50 Ω), the scattering parameters S 11 and S 21 from port 1 become [4] :
The quantities S 11 and S 21 can be measured using the VNA. S 21 is associated with voltages that in turn have a direct relationship to far field quantities of antennas. For all measurement the emitting antenna remained fixed, inserted in hole H1, and the receiving antenna was moved from one borehole to the other (H2-H6). Thus the instrumental set-up remained the same, and the reflection losses caused by connection of most cables (together with changes in the measurement reference planes) were removed by a null calibration of the VNA.
Results
Calculation of the total field radiated by an antenna is an old problem with an extensive literature [5] , [6] . The space surrounding an antenna is subdivided into three regions: the reactive near-field region, the radiating near-field region, and the far-field region (Fraunhofer region) [5] .
Usually, the Fraunhofer region is the one of most practical interest since approximations to simplify the formulation of the fields can be made. The far-field region extends to infinity and its inner boundary is commonly taken to be the radial distance from the antenna aperture as R F = 2D 2 /λ [5] , where D is the largest dimension of the radiator (here the height), and λ is the wavelength. Considering the real part of the permittivity of the salt medium to be equal to 6 (a value typical for pure salt), the far field region extends from about 2 m (for the f 200 antenna), 1.4 m (for f 400 antenna) and 0.8 m (for f 800 antenna). We can conclude that all measurements are done in the far-field region.
The far fields at boreholes 2−6, from the transmitting halfwave dipole can be approximated by an adaptation of the results in [7] :
where C represents an expression of the properties of the emitting antenna in salt, not fully determined analytically (Z 0 is the void characteristic impedance, I 0 the current feeding the antenna, b is the diameter of the hole where antenna is placed, h is the height of the antenna,ε r -as a measure of the medium surrounding the antenna, etc.). The spherical coordinate system (r, Θ, Φ) is defined such as the oz axis is aligned with the antenna, thus Θ is the angle with respect to the height of the antenna. Since the transmitting and receiving antennas are all parallel, Θ is equal to 90 deg. (the direction of the maximum gain). The time dependence of exp (−i2π f t) is suppressed. The wavenumber k in defined in a lossy ground medium as [8] :
where ε 0 is the free-space permittivity, µ is the permeability of the ground medium (considered free space), ε g and σ g are the relative permittivity and the conductivity of the ground. The network analyser measures the transmission scattering coefficient S 21 between the transmitting and receiving antennas. By taking the ratio of two detected fields at different distances from the transmitting antenna (eq. 3.1), one may obtain the average conductivity and permittivity along the propagation line connecting the receiving antennas. This hypothesis holds because the receiving chain (antennas, cables, amplifier etc.) remains identical. Moreover, by taking ratios of measurements the effects of the amplifier and losses induced by the short cables cancel out. This approach will be detailed it in the following subsection. It is an idealized case, fast and attractive due to its simplicity. Nevertheless, it excludes two effects: the "coupling" of antennas (subsection 3.2), and multiple reflections between the layers of sediments in the salt deposit. The latter will not be discussed in this work since we are interested in the overall characterization of the medium.
Simplified model
For each possible distance between emitting (fixed) and receiving antenna we measured the phase φ j and amplitude A j of the transmission coefficient:
The distance between the emitter and receiver is r j (i.e. r j = 10 m for borehole 2).
To determine the radio attenuation length, adapted from [9] , we ca use the formula:
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Note that the S parameters are related to voltages, which are in direct connection to the far field equations. Using formula 3.4 the attenuation length was found to be 29.7 m. Another observation is that by measuring the S parameter for two distances ( r 2 and r 6 ) we can extract the real part and imaginary part of the permittivity of the medium [10] :
Any set of two measurements can be combined to estimate the properties of the medium. Figure 2 shows results obtained by combining measurements from r 3 and r 2 , and from r 6 and r 2 . At 169. 4 MHz, results from 50 m of propagation indicate a value of 5.7196 for ℜ{ε r }, and ℑ{ε r }=0.067. Figure 3 presents the measured parameters. We have included the whole bandwidth, disregarding faces may interfere in a constructive or destructive way, leading to a larger or smaller reflection amplitude. The presence of these interferences depends on the ratio between the wavelength λ and layer thickness d (usually interferences appear if d < λ /2), and on the electromagnetic contrast between the layers. If d = λ /4, the interferences will me maximum or totally destructive (depending on the sign of the reflection coefficient) [8] . Thus in the case of frequencies in the f 200 band, any layer of 18 cm will cause a maximum/minimum interference. Moreover, any layer with a thickness smaller then 36 cm can produce reflections.
The magnitude of the reflected wave depends on the difference of constituents (impurities) of each layer. Usually the concentration of such natural impurities is small [11] (thus reflections are small). A special situations is represented by brines in forms of fluid inclusions and primary trapped water. The effect has been estimated in [12] : if the waves travel a distance of 1.1 cm in brine, about 70% of their energy will be lost.
For larger frequencies (around f 400 ), the thickness of layers that produce maximum/ minimum interference is about 8 cm, while for frequencies around 800 MHz, it becomes around 3 cm. The walls of the mine chamber clearly show layers that fit all this possible situations. However, due to the formation of the mine deposit, the layers of sediments of few cm are most frequent, thus the 800 MHz measurement is expected be the most affected. Indeed, measurements have shown that at 800 MHz the waves are attenuated with ∼ 80 dB after 50 m of propagation (this result is obtained when an amplifier of ∼ 40 dB was used at reception). This range of frequencies cannot be used in the context of a cosmic neutrino detector because the large attenuation would require usage of electronic equipment that would exceed the sensibility of the current available technology.
The method described above has been applied to the other measurements at f 400 and f 800 and results for the permittivity shown presence of multiple reflections in the medium. The maximum value for ℜ{ε r } is 1.1838 (close to the permittivity for air). It is clear that this simple method does not hold any more and multiple reflections between layers should be incorporated in the model.
Coupling of the instrumentation
The model described in the previous section does not take into account the fact that antennas work differently when boreholed in dielectrics. In order to address it, we have used the signal graph flow [13] . This method perfectly describes the effects of instrumentation using Masons' rules. The equations are too long to be displayed so a few details are given below.
The radio signal emitted by the VNA propagate through a coaxial cable with a fixed characteristic impedance of 50Ω towards the emission antenna. The antenna is matched when working in air, but not in salt, because the input impedance depends on the radiation resistance, that in turns depends on the medium where the antenna radiates [7] ). Thus part of the radio signal will be reflected back toward the VNA.
The part of waves that pass through the antenna are radiated in air (in the hole), and suffer reflections again [14] when they pass in the salt medium, thus re-couple with the antenna, and return to the VNA. The part of the waves that passes in the medium (assumed here continuous) will suffer other reflections when reaching the hole where the reception antenna is positioned, thus return through the medium, a part being reflected when entering the air-medium in the hole, coupling with the antenna etc. Each time the waves pass through the antenna, their are multiplied in the frequency domain by the antenna transfer function H ant ( f ) (identical for both emission/reception antennas). The reflections can be described by reflection coefficients Γ, thus each time when an reflection occurs, the wave's amplitude is multiplied by a reflection (or opposite-transmission) coefficient. The influence of the medium is described by the function M(r, f ) (e.g. in air M = exp(−ikr)/4πr).
The S parameters will have the form:
We have neglected all the terms of type M 2 H 2 ant in S 11 , and extracted H ant = H ant (S 11 , ε r , Γ ant ) -here the permittivity appears from the reflection coefficient definition, and Γ ant is the reflection coefficient at the input of the antenna. H ant can be inserted in the formula for S 21 , which becomes S 21 = S 21 (ε r , Γ ant , M(r)).
PoS(ICRC2017)1039
The effect of the medium can finally be calculated as: M(r) = M(S 21 , S 11 , ε r , Γ ant ). We have considered a non-dispersive medium with ℜ{ε r } =5.7196, and ℑ{ε r }=0.067. The reflection coefficient at the input of the antenna has not been determined explicitly yet. We considered 1000 random values in the interval (0,1) (for its modulus) and for each determined M(r). In order to decrease the overall effect that Γ ant has, we calculated the ratio M(10)/M(100) obtained from measurements.
Results for the M(10)/M(100) ratio are presented in figure 4 which shows how much the signal is attenuated in 100 m, compared to the attenuation in the first 10 m. Even though not visible, the plot actually shows traces obtained for 1000 values of |Γ ant |. For comparison we have plotted the value of the ratio one would ideally measure in a lossy non-dispersive salt medium (without considering reflection at the input of the antenna and the transfer function of the antenna). We have also determined the antenna transfer function H and concluded that the antenna behaves in salt as a low pass filter, but strongly dependent on Γ ant . 
Conclusions
The performances of a cosmic neutrino detector in a salt mine are determined by the attenuation length in salt. It determines both the energy threshold of the detector, and the number of detected events. In [9] was stated that a number of 10 GZK events/year requires an attenuation length longer than 100 m. We have measured that for higher frequencies (around 800 MHz), the medium attenuates the signal with more than 110 dB in 50 m of propagation. It is clear that a detector on such high frequencies is not feasible because it would require usage of electronic equipment that would exceed the sensibility of the current available technology.
Comparing the attenuation length (eq. 3.4) with results from [9] in Cote Blanche, at similar frequencies (around 200 MHz), the attenuation length is about 3 times smaller. However, salt in other deposits in North America showed dielectric constants ranging from 5-7 and loss tangents from 0.015-0.030 or more at 300 MHz, implying attenuation lengths below 10 m [15] .
The salt quality in "Unirea" salt mine is clearly poorer compared to Cote Blanche. However we have not taken into account the proximity of the radiation source (antenna) to free space (the mine chamber): the antennas are inserted in the borehole close to the edge of the wall, so part of the radiated power will be propagate in the gallery, in air. This should not affect results if ratios of transmissions are considered, because this radiation (equal for all measurements) will bot couple again with the medium. Measurements will be repeated to estimate this effect. Other factors that have not been estimated yet are the complete determination of the antenna transfer function (that should be reduced from measurements), and symmetry of the antenna in the borehole (an offcentre position inside the borehole results in unbalanced antennas; also the emitting and receiving antennas should be parallel for maximum coupling). These effects are small and can be measured.
